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We report ^^B NMR measurements in non-centrosymmetric superconductors Mgg.sIrigBie.T 
(Tc=5.8 K) and Mgio.sIrigBir.i {Tc=A.8 K). The spin lattice relaxation rate and the Knight shift 
indicate that the Cooper pairs are predominantly in the spin-singlet state with an isotropic gap. 
However, Mgio.sIrigBir.i is found to have more defects and the spin susceptibility remains finite 
even in the zero-temperature limit. We interpret this result as that the defects enhance the spin-orbit 
coupling and bring about more spin-triplet component. 



I. INTRODUCTION 

Superconductors without spatial inversion symmetry 
in the crystal structure have attracted much attention. In 
superconducting materials with an inversion center, the 
Cooper pairs are either in the spin-singlet state, or in the 
spin-triplet state, due to Pauli exclusion principle. How- 
ever, when the inversion symmetry is broken, the spin- 
singlet and spin-triplet states can be mixecti»2,i^. This 
was actually found in Li2Pt3B by nuclear magnetic res- 
onance (NMR) (Refi^) and other measurements^!^. The 
extent of parity mixing depends on the strength of the 
spin-orbit coupling (SOC) that is enhanced by the lack 
of inversion symmetry. In such materials, novel super- 
conducting properties can be expected^'^. 

After the discovery of the non-centrosymmetric 
compound CePtaSi^, many new superconductors of 
such kind have been discovered. They can be 
categorized into two types. Namely, the strong- 
correlated electron systems such as UIr~, CeRhSia^^, 
CelrSiar^, and the weakly-correlated electron systems 
that include LiaPdaB and LiaPtgBi^iii, MgioIrigBig 
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Y(La)2C3^<''", Rh(Ir)2Ga9i«.ia and RmB^^^. In the 
former class of materials, the electron correlations seem 
to play an important role in governing the superconduct- 
ing properties. The latter class of materials is therefore 
more suitable for the study of the pure effects of inversion 
symmetry breaking. 

In this Rapid Communication, we present the results 
of NMR studies on the non-centrosymmetric supercon- 
ductors Mgg.alrigBie.T (Tc=5.8 K) and Mgio.sIrigBiT.i 
(Tc=4.8 K). This material has a bcc crystal structure 
with the space group of /43m. There are two Mg sites, 
three Ir sites and two B sites. Among them, Ir(3) site 
(24g-site), Mg(l) site (8c-site) and the two B sites do 
not have inversion cente r^^i^^ . In particular, Ir is a 
heavy element which may lead to a large spin-orbit cou- 
pling. It has been reported that there is a wide range 
for stoichiometrics; changing the stoichiometry only re- 
sults in a small change in Specific heat and photoc- 
mission measurements suggested s-wave gap^"^'^^'^^, but 
there are also indications of exotic pairing from tunneling 
spectroscopy and penetration depth measurement o^^'^^ . 



Our results of spin lattice relaxation rate (l/Ti) and the 
Knight shift indicate that the Cooper pairs are predom- 
inantly in the spin-singlet state with an isotropic gap. 
However, Mgio.5lri9Bi7.i is found to contain more de- 
fects and the Knight shift remains finite even in the zero- 
temperature limit. We interpret this result as that the 
defect enhances the spin-orbit coupling and brings about 
more spin-triplet component. Our result suggests that 
properly introducing defects could provide a new route 
to exotic superconducting state. 



II. EXPERIMENTAL PROCEDURES AND 
SAMPLE CHARACTERIZATION 

Two poly-crystal samples with different nominal com- 
position were prepared by the solid-state reaction method 
with starting materials of Mg (99.8% purity), Ir (99.99%) 
and B (99.7%)^'''. The appropriate compositions of the 
starting materials powders were mixed and pressed into 
a pellet at a pressure of 1 GPa. Then the pellet was 
wrapped with Ta foil and sealed in an evacuated quartz 
tube, and sintered at 600 °C for 30 minutes and further at 
950 °C for 3 hours. The resultant pellet was well ground 
and pressed again, and finally was annealed at 950 °C for 
12 hours. The inductively coupled plasma (ICP) analy- 
sis shows that sample 1 has a formula of Mg9.3lri9Bi6.7 
and sample 2 is Mgio.5lri9Bi7.i. The uncertainty of the 
ICP analysis for the composition is about ±0.1. The 
samples were also characterized by transmission electron 
microscope (TEM) spectroscopy. The samples for TEM 
measurement were prepared by crushing the powders in 
ethanol, and the resultant suspensions were dispersed on 
a holey carbon-covered Cu grid. The TEM investigation 
was performed on a FEI Tecnai-F2G (2GGkV) TEM. 

For NMR measurements, the samples were crushed 
into powder. Tc at zero and a finite magnetic field {H) 
was determined by measuring the ac susceptibility using 
the in-situ NMR coil. Figure 1 shows the result for H~0. 
Tc{H — 0) for Mg9.3lri9Bi6.7 is 5.8 K, which is a higher 
than the previous report by Klimczuk et al for nominal 
composition MgialrigBig {Tc=b Kp., and Tc{H = 0) 
for Mgio.5lri9Bi7.i is 4.8 K. A standard phase-coherent 
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FIG. 1; (Color online) ac susceptibility measured using the 
in-situ NMR coil at zero magnetic field. The arrow indicates 
Tc for each sample. 
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pulsed NMR spectrometer was used to collect data. In 
order to minimize the reduction in Tc by H, the mea- 
surements were done at a low field of 0.44 T, at which Tc 
was reduced to 4.11 K and 3.45 K for the two samples, 
respectively. The ^^B NMR spectra were obtained by 
fast Fourier transform (FFT) of the spin echo, and were 
found to have a full width at half maximum (FWHM) of 
4.6 kHz. The nuclear spin-lattice relaxation rate, l/Ti, 
was measured by using a single saturation pulse and by 
fitting the nuclear magnetization to a single exponential 
function since the quadrupole interaction is absent. Mea- 
surements below 1.4 K were carried out in a '^He refrig- 
erator. Efforts were made to avoid possible heating by 
the RF pulse, such as using a small-amplitude RF pulse. 

III. RESULTS AND DISCUSSIONS 

Figure 2 shows the temperature dependence of 1/Ti 
for the two samples. As can be seen clearly in the fig- 
ure, 1/Ti is enhanced just below over its normal- 
state value, forming a so-called coherence peak (Hebel- 
Slichter peak), which is a hallmark of an isotropic su- 
perconducting gap. Figure 3 shows 1/Ti normalized by 
its value at against the reduced temperature, which 
compares the height of Hebel-Slichter peak of the two 
samples. The 1/Tis in the superconducting state is ex- 
pressed as ^ = ^ / /(l+^)7V,(i?)iV,(ii;')/(i?)[l- 
f{E')]5{E-E')dEdE' where 1/Tin is the relaxation rate 
in the normal state, Ns{E) is the superconducting den- 
sity of states (DOS), f{E) is the Fermi distribution func- 
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tion and C = 1 + is the " coherence factor" . Following 
HebeP* , we convolute Ns (E) with a broadening function 
B{E) which is approximated with a rectangular function 
centered at E with a height of 1/26. The solid curves 
below Tc shown in Fig. 2 and 3 are calculations with 



FIG. 2: (Color online) Temperature dependence of the 
^^B spin-lattice relaxation rate, l/Ti, in Mgg.alrigBig.? and 
Mgio.sIrigBiT.i . The arrows indicate the superconducting 
transition temperature Tc under the magnetic field of 0.44 
T. The curves below Tc are fits to the BCS theory with 
2Ao = S.OfcsTc (high-Tc sample) and 2.2kBTc (low -Tc sam- 
ple), respectively. The broken lines above Tc indicate the 
l/Ti (X T relation. 
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FIG. 3: (Color online) Normalized l/Ti against the reduced 
temperature. The straight line above Tc indicates the l/Ti oc 
T relation. 



2A(0) = 3.0kBTc and r = A(0)/(5=5 for Mgg.glrigBie.r, 
and 2A(0) = 2.2^^1; and r=3 for Mgio.sIrigBiy.i. The 
smaller A(0) than the BCS value is probably due to the 
applied field. In LiaPdsB, a smaller 2A(0) = 2.2kBTc at 
a field of 1.46 T— recovers to S.OkBTc at a smaller field 
of 0.44 TM. 

Figure 4 shows the temperature dependence of the ^^B 
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FIG. 4: (Color online) The T dependence of the Knight 
shift for the two samples. The solid curve below Tc for 
Mgg.alrigBie.T and the broken curve for Mgio.sIrigBiT.i are 
calculations assuming purely singlet pairing. The solid curve 
for Mgio.sIrigBiT.i is a fit assuming mixing triplet and singlet 
pairings (see text for detail). 



Knight shift. Above Tc, the shift is temperature indepen- 
dent, while it changes below Tc- The observed Knight 
shift {Kobs) is composed of the spin part {Ks) and the 
orbital part {Korb), Kobs=Ks+Korb- Korb is T inde- 
pendent, and Ks is proportional to Xs, Kg = AhfXs, 
where Ahf is the hyperfine coupling between the nu- 
clear and electron spins. In both samples, the shift in- 
creases below Tc- This indicates the decrease of Xs in 
the superconducting state, since the hyperfine coupling 
constant is negative as seen in Li2Pd3B^. Thus the 
spin pairing in Mg-Ir-B systems is in the spin-singlet 
state. This is quite different from the case of Li2Pt3B'*, 
although Ir and Pt are located next to each other in 
the periodic table. The difference is probably due to 
the fact that only 12/19 of Ir atoms sits in the non- 
centrosymmetric position. The solid curve below Tc for 
Mg9.3lrigBi6.7 and the broken curve for Mgio.5lri9Bi7.i 
in Fig. 4 are calculations assuming purely singlet pairing, 
Xs = — / Ns{E)^^^dE, with the same gap param- 
eter obtained from Ti fitting. In performing the fitting, 
-f''or6=0.010% is assumed. It is a reasonable assumption 
that Korb does not depend on the composition. The ex- 
perimental results thus indicates that there remains a 
finite spin susceptibility at T=0 for Mgio.5lri9Bi7.i. 

What is the origin of the finite spin susceptibility at 
T=0? We argue that defect or disorder is responsible for 
the finite spin susceptibility. Given that IVIgg alrigBig.? 
has a higher Tc, it can be assumed that this composition 
is close to the optimal stoichiometry. Then, the sample 
Mgio.sIrigBiv.i can be viewed as Ir deficient. TEM image 
supports that Mgio.sIrigBiv.i has more defects. 
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FIG. 5: (a) and (b): Electron diffraction patterns taken along 
[110], [001] zone-axis directions of Mgg.alngBie.?. (c): Elec- 
tron diffraction pattern and (d) HRTEM image taken along 
[110] zone axis direction of Mgio.sIrigBir.i . The inset of (d) 
is the corresponding FFT pattern; one of the extra spots is 
indicted by the arrow. 



Figures 5(a) and 5(b) show respectively the electron 
diffraction patterns taken along [110], [001] zone-axis di- 
rections of the Mgg.alrigBie.Y sample. All the diffrac- 
tion spots in these patterns can be well indexed using 
the expected cubic unit cell with lattice parameters of 
a=10.57 A (space group of /43m). In contrast, the elec- 
tron diffraction patterns of Mgio.sIrigBiy.i always con- 
tain additional weak reflection spots following each fun- 
damental spot, suggesting that this sample contains a 
rich variety of defect structure. Further HRTEM (high- 
resolution TEM) study suggests that these additional re- 
flection spots are caused by Moire fringes and occurrence 
of local structural distortion in the sample. Figure 5(c) 
gives a typical electron diffraction pattern taken along 
[110] zone axis direction of Mgio.sIrigBiy.i. Figure 5(d) 
shows a corresponding HRTEM image. The inset of Fig. 
5(d) is the Fourier spectrum obtained by FFT, in which 
one of the extra spots is indicated by the arrow. Fur- 
ther careful FFT analysis indicates that the extra spots 
arise from the area marked as " B" , which contains defect 
structure. 

Now, in the presence of defect /disorder, there are two 
mechanisms that can give rise to the finite spin suscep- 
tibility. One is spin-reversal scattering by the impu- 
rity/disorder as pointed out by Anderson'^ The other 
is mixing of the spin-triplet component due to enhanced 
spin-orbit coupling caused by defects. For spin-triplet 
superconductivity, the spin susceptibility does not de- 
crease below Tc or changes little, depending on the mag- 
netic field configuration with respect to the d- vector that 
characterizes the triplet pairing. In the former case, 
the isotropic scattering would reduce the gap anisotropy 
and would lead to an enhancement of the Hebel-Slichter 
peak, as was evidenced in Zn-doped AP^. However, this 
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is not seen experimentally. In fact, as can be seen in 
Fig. 3, the peak height is smaller in the low-Tc sample 
Mgio.sIrigBiy.i. Also, it seems hard to attribute a dif- 
ference of 1 K in Tc to non-magnetic impurity/defect in 
an s-wave superconductor. 

We propose that the latter scenario, namely, the in- 
trinsic effect of the defect that enhances SOC is more 
likely. The SOC is described by the Hamiltonian, 

Hso = ^,[VV{r)y.k]a (1) 

where k and a are the electron momentum and Pauli spin 
operator, respectively, and Vy(r) is the electrical field. 
In addition to the broken inversion symmetry, a vacancy 
of Ir can also increase VF(r). In particular, vacancies 
occupying the original centrosymmetric Ir(l) and Ir(2) 
sites will result in inversion-symmetry breaking for these 
sites and enhance the SOC. The SOC lifts the two-fold 
spin degeneracy of the electron bands. As a result, the 
spin-singlet and spin-triplet states arc mixedii^i^ii^. The 
extent to which the triplet-state component is mixed de- 
pends on the strength of SOGii^i^ii^. We propose that the 
finite spin susceptibility in Mgio.sIrigBiy i is due to such 
SOC that is enhanced by Ir vacancy. The solid curve in 
Fig. 4 for Mgio.sIrigBiy.i is a fit assuming mixing triplet 
and singlet pairings, with finite due to triplet 

component, and the other Ks due to singlet component 
with 2A(0)=2.2fci3Tc. 

IV. CONCLUSIONS 

In conclusion, we have presented the results of ex- 
tensive NMR measurements on non-centrosymmetric 



superconductors Mgg.alrigBig.r (Tc=5.8 K) and 
Mgio.5lrigBi7 1 (Tc=4.8 K). The spin lattice relaxation 
rate shows a coherence peak just below Tc and follows an 
exponential T- variation at low temperatures. The spin 
susceptibility measured by the Knight shift decreases 
below Tc- These results indicate that the Cooper pairs 
are predominantly in the spin-singiet state with an 
isotropic gap. This is likely due to the fact that only 
12/19 of Ir atoms sits in the non-centrosymmetric 
position. However, Mgio.5lrigBi7 i is found to have 
more defects and the spin susceptibility remains finite 
even in the zero-temperature limit. We propose that 
the defect enhances the spin-orbit coupling and brings 
about more spin-triplet component. We note that this 
mechanism may provide an alternative route to exotic 
superconducting state. 
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